Abstract. In this work we present the synthesis, characterization and molecular modeling of ICP-2, a new layered ferrierite precursor with expanded layers. ICP-2 is obtained in fluoride medium from aluminosilicate gels with low H 2 O content, using the chiral cation (1R,2S)-dimethylephedrinium (DMEP) as the organic structure-directing agent; ICP-2 can also be obtained as the Al-free form. The combination of physicochemical characterization of the material with molecular modeling indicates that ICP-2 is a layered material composed of ferrierite layers, where the organic cations play a dual 2 structural role through the formation of supramolecular aggregates. On the one hand, the organic cations stabilize the formation of the ferrierite layers with a core-shell structure, directing the formation of both the pseudo-10R channels (by supramolecular dimers aligned with the channel direction) and of the pseudo-cavities, with the trimethylammonium groups of DMEP fitting within. On the other hand, the aromatic rings of these organic cations in the pseudo-cavities develop π-π stacking interactions with equivalent cations in adjacent layers, holding together the ferrierite layers expanded at a distance of 20 Å, hence preventing the formation of H-bonds between the inorganic layers. The diastereoisomer (1S,2S)-dimethylpseudoephedrinium instead cannot direct the formation of ICP-2, which is explained because of its distinct conformational space which fits worse in the core-shell structure of ICP-2.
Introduction
In recent years there has been a growing interest in 2-dimensional layered precursors of zeolites. [1] [2] [3] These materials are constituted by well-defined zeolite-like structures extended in only 2 dimensions (layers), with both sides of the layers usually terminated by silanols or siloxy groups, and the interlayer space occupied by organic cations which can lead to different stacking patterns of the layers. The stacking of these layers in the third direction is frequently stabilized by the development of H-bonds between the silanol/siloxy groups terminating the layers. 4 Upon calcination, these layered materials can produce 3-dimensional zeolite frameworks through condensation of the silanol/siloxy groups triggered by the elimination of the organic molecules hosted in the interlayer space.
The interest in this type of materials is two-folded: on the one hand, the zeolitic layers of these materials are amenable to swelling and subsequent delamination, leading to 3 catalytic materials with very large external surface areas, thus greatly improving diffusion of reactants and products, [3] [4] [5] [6] [7] [8] [9] as an alternative to the production of hierarchical mesoporous zeolites. 10 Bulky reactants are then accessible to these catalytic sites, which would otherwise be unable to diffuse through 3D zeolite networks. These delaminated materials have led to new catalytic applications, including in reactions like cracking, 5 alkylation, 11, 12 disproportionation, 13 epoxidation 7, 14 and Beckmann rearrangement. 15 Apart from such delamination procedures, these layered zeolites can also promote the formation of catalysts with high accessibility to the active sites through pillaring along the stacking direction, 16, 17 or through intercalation of organosilanes to the terminating silanol/siloxy groups in adjacent layers, yielding the so-called interlayered expanded zeolites (IEZ). [18] [19] [20] A second interest in these layered zeolites is that, under appropriate conditions, they can lead to new 3-dimensional zeolite frameworks through topotactic condensations, 21 like the so-called ADOR strategy (Assembly, Disassembly, Organization, Reassembly), where a Ge-containing 3D-zeolite is transformed into a 2D-layered zeolite by dissolution of certain structural units, then being these layers reassembled to give new 3D-zeolite frameworks. [22] [23] [24] In an attempt to produce chiral zeolite materials, we have been recently working in our group with (1R,2S)-ephedrine, (1S,2S)-pseudoephedrine and derivatives as chiral structure-directing agents (SDA) for the synthesis of microporous aluminophosphates. [25] [26] [27] [28] [29] These molecules were originally selected as SDA precursors since they contain two stereogenic centers and are enantiomerically-pure, imparting a strong asymmetric nature that could be potentially transferred to the inorganic framework. Moreover, they contain an aromatic ring which enables π-π-driven supramolecular aggregation, as well as Hbond donor and acceptor groups, both molecular features activating a rich supramolecular chemistry. In fact, a combined experimental and computational study 4 showed that the supramolecular chemistry associated to these molecules is strongly influenced by the conformational behavior, which is in turn dictated by the development of intramolecular H-bonds. 26 We also prepared the methyl-and dimethyl-derivatives of (1R,2S)-ephedrine, and they led to the crystallization of the AFI framework, but with a notably poorer π-π-driven supramolecular chemistry. 30 Due to the interest in the structure-direction of zeolite materials with these chiral molecules, we have now extended the study of the structure-directing behavior of (1R,2S)-dimethylephedrinium and its diastereoisomer (1S,2S)-dimethylpseudoephedrinium cations to the synthesis of aluminosilicate-based zeolites (see Scheme 1) . Due to the limited stability of this cation, the synthesis has been performed in fluoride medium in order to avoid a basic pH that would enhance the degradation of the cation during hydrothermal crystallization. On the course of this synthesis study, we obtained a new material which, on the basis of physico-chemical characterization and molecular modeling, was identified as a new layered precursor of ferrierite with expanded layers, which we denoted as ICP-2 (ICP stands for Instituto de Catálisis y Petroleoquímica).
Experimental and Computational Details
Synthesis of ICP-2
Scheme 1. Molecular structures of the SDA cations used in this work.
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(1R,2S)-(-)-Dimethylephedrinium (DMEP) iodide was prepared through two consecutive methylation reactions of (1R,2S)-(-)-Ephedrine (Sigma-Aldrich, 98 %), following the same procedure as reported in our previous work. 30 The iodide salt was further transformed into the corresponding hydroxide (DMEPOH) through an anionic resin (Amberlite IRN-78, Aldrich), and concentrated up to 24.0 wt %. A similar procedure was followed for the preparation of the diastereoisomer (1S,2S)-(+)-dimethylpseudoephedrinium (DMPsEP) hydroxide, starting in this case from (1S,2S)-(+)-Pseudoephedrine (Sigma-Aldrich, 98 %).
ICP-2 was discovered after a systematic study of the structure-directing efficiency of DMEPOH for the synthesis of Al-containing zeolite materials in fluoride medium. In particular, ICP-2 was prepared from a gel with composition 0. In order to analyze the stability, as-made ICP-2 was thoroughly washed with ethanol under stirring for 2 hours at 40 ºC, then filtered, washed with water and characterized by XRD. Calcination of ICP-2 was carried out at 550 ºC (heating ramp of 2.9 ºC/min with N 2 flow) in N 2 for 1 h and then in air for 20 hours.
Characterization of ICP-2 6
The obtained solids were characterized by powder X-Ray Diffraction (XRD), using a Philips X´PERT diffractometer with CuK α radiation with a Ni filter. In-situ XRD experiments at increasing temperatures were performed in air from room temperature to 550 ºC (heating rate = 10º/min), collecting XRD data at 50 ºC intervals.
Thermogravimetric analyses (TGA) were registered in air using a Perkin-Elmer TGA7
instrument (heating rate = 20 ºC/min). UV-Visible diffuse reflectance spectra were registered using a UV-Vis Cary 5000 Varian spectrophotometer equipped with an integrating sphere using the synthetic polymer Spectralen as reference. CHN analyses were carried out with a LECO CHNS-932 elemental analyzer. Infrared measurements were carried out using an Attenuated Total Reflectance spectrophotometer (ATR, PIKETECHNOLOGIES), using quartz as detector. The nitrogen adsorption isotherm was recorded at 77 K in a Micromeritics ASAP 2420; surface areas were calculated by the BET method and pore volumes were determined at P/P 0 = 0.1. The samples were previously outgassed at 573 K. 13 C, 29 Si, 27 Al and 19 F MAS-NMR spectra were recorded with a Bruker AV 400 WB spectrometer, while spinning the samples at a rate of 10 kHz (further details are given in the Supporting Information). The morphology of the obtained crystals was studied using a Hitachi S3000N Scanning Electron Microscope.
For the transmission electron microscopy studies, the powders were crushed, dispersed in ethanol, and dropped on a holey carbon grid. Images and selected area diffraction (SAED) patterns were taken with a JEOL 2100F.
Supramolecular aggregation of the DMEP cations in the solid materials was studied by fluorescence spectroscopy. Solid state UV-Visible fluorescence emission spectra were recorded in a RF-5300 Shimadzu fluorimeter. The fluorescence spectra were registered in the front-face configuration by a solid sample holder in which the samples were oriented 30 and 60º with respect to the excitation and emission beams, respectively.
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Fluorescecence spectra of the solid samples were recorded by means of thin films supported on glass slides ellaborated by solvent evaporation from a dichloromethane suspension of the solid samples.
Computational Details
In an attempt to understand the structure of ICP-2 and the structure-directing behavior of DMEP (and DMPsEP), molecular simulations based on molecular-mechanics were performed. The molecular structures and packing of DMEP and their interactions with the zeolite framework are described with the pcff forcefield (with forcefield-assigned charges for the organic and water molecules), using the Forcite module, as implemented in Material Studio 7.0. 31 This forcefield is based on CFF91, and has been extended so as to have a broad coverage of organic polymers, (inorganic) metals, and zeolites; 32 we selected since it reproduced correctly the conformational behavior of the two cations in vacuum (as determined by DFT+D/B3LYP calculations with a 6-311++G(dp) basis set using the Gaussian09 code). 33 All calculations were performed under periodic boundary conditions (PBC), keeping the zeolite framework fixed during the calculations. The Due to the importance of the conformational behavior of the different ephedrine-derived diastereoisomers and its strong influence on the resulting supramolecular chemistry that we have already observed, 26 an initial conformational analysis was performed. Cl -anions were included in the simulation cell together with 96 water molecules (in the same ratio as in the synthesis gel used for the synthesis of ICP-2), and 1000 ps of MD simulations in the NVT ensemble were then run at 298 K. The aggregation behaviour of the cations was studied by analysing the Radial Distribution Functions (RDF) of different sets of atoms [g αβ (r)] (using only the last 500 ps of the MD simulations for production of data).
Results

A. Synthesis and characterization of ICP-2
In an attempt to promote the crystallization of chiral zeolite materials, we have performed an extensive study about the structure-directing efficiency of DMEPOH for the synthesis of Al-containing silica-based zeolites in fluoride medium. Results soon showed a rather limited hydrothermal stability of this cation at high temperatures, as we had observed previously in the synthesis of AlPO materials. 30 Only at 120 ºC in fluoride and calcined (bottom) materials. 
DTG
In an attempt to gain insights on the framework structure of ICP-2, an in-situ XRD study of the behavior of the material at increasing temperatures was undergone ( Figure   4 ). ICP-2 is stable up to 100 ºC, where there is no desorption of organics (only of physisorbed water, as observed by TGA in Figure 2 ). Above 100 ºC, ICP-2 starts to intensively desorb organic material (see TGA in Figure 2 ), and this results in a collapse of the framework, as observed by the strong reduction of the intensity of the diffraction peak at 4.4º 2θ ( Figure 4) ; however, a local order is preserved due to the remaining of several middle-angle diffractions (between 12º and 30º 2θ). When the temperature is 
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Electron microscopy studies reveal plate-like particle morphology both for ICP-2 and the calcined ferrierite material. at -114 ppm), which can be assigned to SiQ4 species in the fer layers, and another intense signal at -103 ppm, which can be ascribed to SiQ3 species (in silanol/siloxy groups), confirming that ICP-2 is an interrupted framework; 6, 8, 38 the high intensity and resolution of this band suggests a well-defined position of the Si-O x dangling bonds. In addition, ICP-2 shows also a band at -106 ppm, which could be due to Si(1Al) Q4
species. 29 Si NMR of DMEP-PREFER shows similar bands (red line), although slightly shifted with respect to ICP-2, at -112 ppm (SiQ4) and a broader band centered at -104 ppm, which might involve both SiQ3 and Si(1Al) Q4 species. Calcination of these FERprecursors does not lead to two well-resolved Therefore, such desorption of organics at lower temperatures might lead to a collapse of the framework at temperatures too low as to enable a reorganization of the material to promote the topotactic condensation to produce a FER material. In contrast, the presence of Al provokes a strong retention of the organic pillars, and Al-ICP-2 only collapses at very high temperatures which enable the reorganization into the final FER material by topotactic condensation.
We finally tried to produce ICP-2 but using (1S,2S)-dimethylpseudoephedrinium (DMPsEP), the diastereoisomer of DMEP (1R,2S). Surprisingly, despite their very similar molecular structure, DMPsEP was not able to produce ICP-2 under the same synthesis conditions than DMEP, and only amorphous materials were observed.
B. Computational model of ICP-2
Due to the poor quality of the XRD pattern of ICP-2, which prevents an XRD Figure 7 ). These DMEP arrangements account for 4 SDAs/u.c., so we still need to include 2.9 cations in the void space of the pseudo-10R-channels, and these again must be forming supramolecular aggregates.
After an intensive search, our simulations showed that the most stable arrangement of Figure   8 , and detailed in Figure 9 -left), with the trimethylammonium groups inside the pseudocavities, holding the layers together through the establishment of π-π type interactions 
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between DMEP cations in adjacent layers (dashed yellow rectangles in Figure 8 ). On the other hand, 2.67 DMEP cations (per u.c.) site forming dimers aligned with each of the pseudo-channels (highlighted in green dashed rectangles in Figure 8 , and detailed in Figure 9 -right); in this case, there is no intermolecular connection between the molecules in adjacent layers, and their structural role is to fill the pseudo-channels. In and N atoms (right) for solutions of DMEP (blue) and DMPsEP (red). 
Discussion
The use of the chiral DMEP cation has allowed for the discovery of a new type of layered materials with expanded layers directly from crystallization, precursor to the FER framework. Apart from the ferrierite precursors (PREFER and the like), [37] [38] [39] [40] [41] [42] [43] several other materials built from the same fer layers but with alternative linkages have been obtained; 4, 48, 49 in these materials a close interaction between the adjacent layers (usually through H-bonds) is established, in contrast to our layered material where the large size of the organic bilayer forces the fer layers to site further away, thus preventing H-bond interactions between layers.
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The crystallization of ICP-2 occurs because DMEP cations play a dual structural role during the crystallization process ( Figure 12 ); in fact, the intimate structural relationship between the organic cation and the inorganic framework is manifested by the fact that a very similar organic cation, the (1S,2S)-diastereoisomer, cannot produce the material.
The structure-directing role of DMEP is two-folded: on the one hand, the pseudo-10R- item, as we previously demonstrated for tetramethylammonium, 45 and leaving pending aromatic rings exposed. One can realize the core-shell structure of these layers, where the fer layers compose the inorganic core and are surrounded by a shell of the organic cations, which stabilizes the system by providing a protective shield against hydrolysis during the hydrothermal treatment, a role that has been previously proposed. 50 On the other hand, the exposed aromatic rings allow a self-assembly with other adjacent layers in the medium through stacking of their aromatic rings driven by π-π-type interactions, giving the final ICP-2 material. This type of self-assembly process is enabled by the particular molecular structure of DMEP, which has a hydrophobic self-assembling aromatic ring on one side, separated by a long-enough alkyl chain from a hydrophilic positively-charged trimethylammonium head which resembles the chemical structure of typical zeolite SDA cations.
This type of π-π supramolecular interactions has been previously used by us 35, 36, 51, 52 and others [53] [54] [55] [56] [57] [58] [59] to promote the formation of large supramolecular dimers in an attempt to produce large structure-directing agents that will drive the crystallization of large-pore zeolites. Moreover, a similar concept as the one exposed here for ICP-2 has been previously reported for the production of single-crystalline mesostructured MFI zeolite nanosheets. 60, 61 In addition, similar organo-inorganic layered materials with the interlayer space composed by an organic bilayer have been reported previously by us 62, 63 and others. 64 The strategy of using these simple SDA cations with quaternary ammonium groups (typically directors of zeolite units) separated by a long-enough alkyl chain from a self-assembling aromatic ring (typically directors of π-π-stacked organic 32 bilayers) should be extendable to the production of other layered zeolite materials with the layers already expanded, which could be precursors to zeolitic catalytic materials with large external surface areas or further transformed into 3D zeolite frameworks.
Conclusions
In this work we present the synthesis and characterization of ICP-2, a new crystalline 
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